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nsulin therapy in diabetes, both at onset and after several years' duration, is primarily directed to maintain nearnormoglycemia to prevent the onset and/or delay progression of long-term complications (1, 2) . However, it is important that regimens of insulin therapy are designed not only to aim at nearnormalizing blood glucose, but also to minimize the risk of hypoglycemia. Subjects with type 1 diabetes continuously drift between hyperglycemia and hypoglycemia. If the former prevails, longterm complications are frequently expected (1) . On the other hand, hypoglycemia is not only dangerous and unpleasant, but may over time lead to the syndrome of hypoglycemia unawareness (3). This is relevant in type 1 diabetes but also in type 2 diabetes, since over time, many type 2 diabetic subjects develop progressive pancreatic ␤-cell dysfunction requiring insulin therapy. Because in subjects with advanced type 2 diabetes the neuroendocrine responses to hypoglycemia are as abnormal as in type 1 diabetic patients (4), insulin therapy may become responsible for frequent and/or severe hypoglycemia in type 2 diabetic patients as well.
The goal of minimizing the risk of hypoglycemia while achieving good glycemic control is feasible as long as 1) a rational plan of insulin therapy is adopted, 2) blood glucose is properly monitored, 3) blood glucose targets are individualized, and 4) education programs are widely implemented.
In the present article, the importance of the use of insulin analogs as a key tool to achieve good glycemic control and prevent hypoglycemia is emphasized.
PHYSIOLOGY OF PLASMA GLUCOSE HOMEOSTASIS -
Normal nondiabetic subjects maintain plasma glucose Ͻ100 mg/dl in the fasting and Ͻ135 mg/dl in the postprandial period. In the fasting state, this is due to the continuous release of insulin from the pancreas, which results in steady plasma insulin, thus restraining hepatic glucose production and thereby preventing fasting hyperglycemia. At mealtime, the normal pancreas releases insulin early in response to meal ingestion with a resultant acute plasma peak. This prevents postprandial hyperglycemia. Similarly important is the prompt decrease of plasma insulin 60 -90 min after meal ingestion, which prevents hypoglycemia in the postprandial state. Finally, betweenmeal plasma insulin, especially during nocturnal fasting, is flat and peakless to prevent interprandial and fasting hypoglycemia ( Fig. 1) . Nature's model of insulin dynamics should be mimicked whenever insulin is replaced in subjects with absent endogenous insulin secretion (type 1 diabetes).
In the fasting state, insulin should be replaced with a preparation of "basal" insulin reproducing a flat peakless concentration ( Fig. 1) , since an insulin preparation that resulted in a peak would likely induce hypoglycemia in the fasting state. On the other hand, any insulin that would "wane" during fasting would result in hyperglycemia. At mealtime, a bolus injection of rapidacting insulin is needed to reproduce the early and high peak plasma insulin in concurrence with carbohydrate ingestion. Ideally, the faster the time-to-peak of the injected preparation, the lower the increase in postprandial hyperglycemia. After meals, plasma insulin should rapidly return to baseline; in fact, if plasma insulin remained elevated at the time at which carbohydrate absorption were completed, hypoglycemia would then develop.
DEFINITION OF
HYPOGLYCEMIA -Hypoglycemia is traditionally defined by 1) the development of symptoms (autonomic or neuroglycopenic), 2) a low plasma glucose level, and 3) reversal of symptoms when the blood glucose level is restored to normal (Whipple's triad). Recently, the American Diabetes Association Workgroup on Hypoglycemia (5) agreed on how hypoglycemia must be defined and reported: the biochemical definition of hypoglycemia is a blood glucose concentration Յ70 mg/dl (3.9 mmol/l) (5). This definition is probably a conservative one but has the advantage of establishing safer glycemic targets during intensive insulin treatment, as initially proposed by Lalli et al. (6).
FREQUENCY OF
HYPOGLYCEMIA -Hypoglycemia is one of the more worrisome and distressing problems in diabetes. Depending on the severity of hypoglycemia, it can remarkably compromise and interfere with the intellectual and physical activities of the patient. In addition, hypoglycemia can generate psychological consequences (e.g., stress, negative moods, anxiety, irritability, family and work relationship problems, social isolation, etc.). For that reason, hypoglycemia is not a pleasant experience for patients and is feared. In many cases, it is a factor limiting the achievement of good glycemic control and can contribute to morbidity and mortality associated with diabetes.
In the real life of patients on intensive insulin treatment, hypoglycemia is quite common. However, data on the frequency of hypoglycemia in diabetic subjects are uncertain. While there is much more information on the frequency of severe hypoglycemia, little is known on the real frequency of asymptomatic and mild hypoglycemia. In fact, episodes of mild hypoglycemia (treated by patients themselves, often ignored, especially at night) are underestimated and underreported. However, mild hypoglycemia may exert profound negative effects in diabetic subjects, especially if recurrent, such as unawareness of hypoglycemia and impaired glucose counterregulation. The frequency of mild hypoglycemia may be estimated in the order of 0.1-0.3 episodes/patientday (7). In the Diabetes Control and Complications Trial, the frequency of severe hypoglycemia increased threefold in diabetic subjects treated with intensive insulin therapy compared with subjects on conventional therapy (ϳ0.6 vs. ϳ0.2 episodes/patient-year) (1) . Similarly, in the Stockholm Diabetes Intervention Study, severe hypoglycemia was 2.5 times greater in the intensively treated patients (2) . In type 2 diabetes, the rates of severe hypoglycemia are lower than in type 1 diabetes. This is not surprising because type 2 diabetes is characterized by insulin resistance, persistent ␤-cell function (which allows endogenous insulin secretion to decrease as blood glucose falls), and reduced glucagon response, at least in an early phase (8 -10). The Kumamoto study (Japanese nonobese type 2 diabetic subjects) did not report episodes of severe hypoglycemia over 8-year observations (11). In the VA Cooperative study (12) and U.K. Prospective Diabetes Study (13), the frequency of severe hypoglycemia was much lower than that reported in the Diabetes Control and Complications Trial. However, in the U.K. Prospective Diabetes Study, the frequency of hypoglycemia increased over the years, along with duration of insulin treatment (14). Recent data provide further evidence that the risk of hypoglycemia in insulin-treated type 2 diabetes rises with increasing duration of insulin therapy (15). In another study, the incidence of severe hypoglycemia in type 2 diabetic patients was found to be as high as in type 1 diabetic patients after matching for duration of insulin therapy (16).
Taken together, these data indicate that the risk of hypoglycemia increases in insulin-treated type 2 diabetic patients of long duration. Subjects with long-term type 2 diabetes on insulin treatment have nearly absent C-peptide concentration, and therefore reduced glucagon responses, as well as lower sympathoadrenal responses to hypoglycemia (4). Therefore, the important, modern concept here is that subjects with type 2 diabetes should be looked at as people at risk for hypoglycemia similarly to type 1 diabetic patients, especially when duration of type 2 diabetes is several years and they have long been treated with insulin.
NORMAL RESPONSES TO
HYPOGLYCEMIA AND THEIR PATHOPHYSIOLOGY IN DIABETES -From a practical point of view, the brain is totally dependent on a continuous supply of glucose from arterial circulation for its metabolism and function. It is glucose oxidation that normally provides most of the energy needed for brain function. In addition, the brain cannot synthesize glucose, nor does it have reserves (glycogen), except for a few minutes. As a consequence, the brain is the organ that is most exposed to the adverse effects of hypoglycemia.
In the clinical setting, hypoglycemia is the result of both iatrogenic hyperinsulinemia, which can be considered the initiating cause of hypoglycemia, and defective glucose counterregulation, which is responsible for the severity of hypoglycemia. In fact, because of the therapeutic delivery of insulin into the peripheral circulation, after subcutaneous administration, rather than into portal circulation, hyperinsulinemia is the rule in diabetes. However, at matched hyperinsulinemia, hypoglycemia is more severe and prolonged in subjects with type 1 diabetes than nondiabetic patients (17), indicating impaired defenses against hypoglycemia (17).
Normally, the protective responses to hypoglycemia are driven by cerebral glucose sensors (18). These responses include, first, release of counterregulatory hormones (19) and, second, generation of specific symptoms. In the hierarchy of counterregulation (20), the first mechanism is suppression of endogenous insulin secretion, which limits portal hyperinsulinemia (21). The second mechanism is an increase in all counterregulatory hormones. In fact, several studies have indicated that during insulin- induced hypoglycemia, the sequence of hormonal counterregulatory responses is as follows: 1) suppression of insulin release (occurring at a threshold glucose concentration of ϳ78 -80 mg/dl), 2) all counterregulatory hormones (glucagon, adrenaline, cortisol, growth hormone) are released at a (arterial) plasma glucose threshold of ϳ65 mg/dl (ϳ3.5 mmol/l), 3) symptoms (both autonomic and neuroglycopenic) appear only when plasma glucose decreases to ϳ55 mg/dl (ϳ3.0 mmol/l), and 4) cognitive function deteriorates when plasma glucose reaches ϳ50 -54 mg/dl (19, 20, 22) . In addition, it is possible that a greater availability of substrates (e.g., free fatty acids) contributes, at least in part, to the counterregulation of hypoglycemia (23). Symptoms include the autonomic (anxiety, palpitations, hunger, sweating, irritability, tremor) and neuroglycopenic (dizziness, tingling, blurred vision, difficulty in thinking, faintness) symptoms (19).
An important concept is that the brain responses to hypoglycemia are hierarchic (19). Over the last decade, a new concept regarding glucose thresholds for initiation of protective responses to hypoglycemia has gained ground. These glucose thresholds are not fixed, but rather are dynamic and are affected by antecedent prevailing ambient plasma glucose. Glucose thresholds shift downward (i.e., at lower plasma glucose concentrations) after hypoglycemia, either recurrent or chronic (24 -32). As a consequence, responses to hypoglycemia require plasma glucose to reach levels lower than normal. This increases the risk of brain dysfunction and severe hypoglycemia (33). The importance of this observation relies on the fact that patients may or may not experience symptoms of hypoglycemia, depending on their recent antecedent blood glucose control. For example, if patients had had recurrent (i.e., daily) episodes of hypoglycemia, it is likely that they would not be able to recognize hypoglycemia at all, or possibly become aware of it at lower than normal plasma glucose concentrations.
It is of clinical relevance that, generally, patients rely mostly on the perception of the autonomic symptoms to recognize hypoglycemia even when neuroglycopenic symptoms are present. However, since perception of the autonomic symptoms is largely variable in relationship to antecedent glycemic control (e.g., symptoms reduced or absent in unaware subjects), more importance should be given to the recognition of neuroglycopenic symptoms for the early perception and correction of hypoglycemia.
The most common counterregulatory defect in type 1 diabetes is loss of glucagon response to hypoglycemia, which progresses with progressive ␤-cell failure, supporting a permissive role of pancreatic ␤-cell on ␣-cell function during hypoglycemia (17). Under these conditions, it is the response of adrenaline that remains critical for counterregulation (17). Unfortunately, many type 1 diabetic subjects also suffer from reduced responses of adrenaline, especially after frequent recurrent hypoglycemia (34) and/or after many years of duration of type 1 diabetes (35,36). It is especially the type 1 diabetic subjects with combined defects of glucagon and adrenaline who are at high risk for severe hypoglycemia during insulin therapy, particularly if aiming at nearnormoglycemia. As stated earlier, hypoglycemia is in general less frequent in type 2 diabetes than in type 1 diabetes, but it may become similarly frequent with longer duration of diabetes and insulin treatment, when the defects in counterregulation in type 2 diabetes (i.e., advanced failure to secrete both insulin and glucagon in response to hypoglycemia) approach those of type 1 diabetes. In addition, antecedent hypoglycemia reduces autonomic and symptomatic responses to subsequent hypoglycemia in type 2 diabetes as it does in type 1 diabetes (3). ANTECEDENT HYPOGLYCEMIA AS A PRIMARY CAUSE OF HYPOGLYCEMIA UNAWARENESS IN DIABETES -Over the last few years, there has been growing evidence that loss of symptoms of hypoglycemia in type 1 diabetic subjects, a condition named hypoglycemia unawareness, is largely, if not fully, the result of antecedent frequent hypoglycemia. The observation in insulinoma patients (37) that the surgical cure of hypoglycemia (resection of the tumor) is followed by full recovery of appropriate responses of counterregulatory hormones (of symptoms as well as onset of cognitive dysfunction) has prompted similar observations in type 1 diabetes. Fanelli et al. (34) were the first to report that meticulous prevention of hypoglycemia in type 1 diabetic subjects previously experiencing nearly one episode of hypoglycemia per day is followed by rapid recovery of symptoms (both autonomic and neuroglycopenic) and counterregulatory responses. In that study, symptoms were normalized both in terms of plasma glucose thresholds as well as magnitude (34). The release of counterregulatory hormones improved, particularly for adrenaline. However, the positive effect of prevention of hypoglycemia on responses of adrenaline is more evident in diabetes of short compared to long duration (35) and in diabetes without compared to with clinically overt autonomic neuropathy (36). The fact that some responses of adrenaline to hypoglycemia are apparently irreversibly lost, despite meticulous prevention of hypoglycemia in diabetes, especially in diabetes of long duration in the absence of autonomic neuropathy (25,35), cannot be easily explained at the present time. However, these data (25,35) indicate that loss of adrenaline response to hypoglycemia is not necessarily the result of autonomic neuropathy, although autonomic neuropathy importantly contributes to this finding (36). These results have subsequently been confirmed (25,38,39). Finally, induction of experimentally controlled hypoglycemia in normal human volunteers during the day (30), or the night (26,27), blunts the hormonal and symptom responses to hypoglycemia induced on the following day. Similar observations have been made in type 1 diabetes (28,31). When considering these data, it is evident that frequent hypoglycemia in type 1 diabetic patients rapidly induces loss of symptoms (unawareness) and blunts the release of counterregulatory hormones in response to hypoglycemia, exposing them to a greater risk for severe hypoglycemia (40).
Mechanisms of hypoglycemia unawareness
There is evidence that rates of glucose transport from the blood to the brain may be affected by prevailing antecedent glucose concentration (41,42). Indeed, the transport of circulating glucose into cerebral cells is an insulinindependent process that requires the presence of facilitative glucose transport proteins (43). Recent studies indicate that the expression of the glucose transporters GLUT1 (55-kDa form, localized in microvessels of the bloodbrain barrier) (44) and GLUT3 (the neuron-specific glucose transporter) proteins is increased after chronic insulin-induced hypoglycemia in rats (45).
The upregulation of glucose transporter expression described in animals may be relevant to the clinical phenomenon of hypoglycemia unawareness in humans (34), which appears to be mediated by similar mechanisms (46). These findings suggest that antecedent hypoglycemia accelerates delivery of glucose to the brain, which then is "less" neuroglycopenic than normal and does not need to generate the responses to subsequent hypoglycemia. However, recent positron emission tomography technique-based studies have not confirmed the above conclusions in healthy subjects after antecedent hypoglycemia (47) or in chronically hyperglycemic subjects with type 1 diabetes (48), although the occurrence of regional cerebral changes in these studies cannot be excluded. Finally, reduced global neuronal activation has been documented in unaware compared with aware diabetic subjects (49) .
An additional mechanism of hypoglycemia unawareness has been provided by Davis et al. (50) . They found that the responses of cortisol to antecedent hypoglycemia blunt the autonomic hormone responses to subsequent hypoglycemia (50) . However, recently it has been shown that cortisol elevation, comparable to that occurring during hypoglycemia, did not reduce neuroendocrine responses to subsequent hypoglycemia (51,52). Finally, the application of urocortin I, a corticotrophin-releasing factor receptor-2 agonist, in the ventromedial hypothalamus suppresses the counterregulatory response to hypoglycemia (53) . The above observations indicate that the mechanisms of hypoglycemia unawareness, including the role of cortisol, are not yet well understood. Most likely, multiple mechanisms combine to generate this syndrome.
In the last few years, research has focused on the role of substrates other than glucose, such as lactate, and brain glycogen metabolism and on their role in sustaining brain function under conditions of energy depletion (neuroglycopenia). There is growing in vitro and in vivo evidence that lactate can support neuron metabolism in different circumstances (54) involving neuronal activation and under conditions of energy crisis (55) . Interestingly, most of the lactate used by neurons is formed within the brain rather than being borne by blood (56) . According to the hypothesis suggested by Pellerin et al. (57, 58) , lactate produced by astrocytes would fuel neurons by an astrocyte-neuron lactate shuttle mechanism. However, the extent to which lactate can substitute for glucose in sustaining neuronal activity and function has not been completely established (59, 60) . The function of brain glycogen is not well understood. Although overall brain glycogen content is low (ϳ3 mol/g) (61,62), it has been suggested that even under normal conditions, cerebral glycogen is important for brain function (62) . THE VICIOUS CIRCLE OF RECURRENT HYPOGLYCEMIA UNAWARENESS -Hypoglycemia occurs unavoidably from time to time in diabetic subjects whose glycemic target is near-normoglycemia in the setting of deficient glucagon response to hypoglycemia and impaired secretion of adrenaline (17). If hypoglycemia is frequent and recurrent, it causes the initial loss of the warning symptoms and, over time, hypoglycemia unawareness. Impaired adrenaline secretion (and glucagon secretion) and hypoglycemia unawareness, a condition known as hypoglycemia-associated autonomic failure, in turn foster both recurrent and severe hypoglycemia (63, 64) . Therefore, prevention of hypoglycemia is an important part of modern intensive diabetes therapy (65) . In fact, meticulous prevention of hypoglycemia in diabetic subjects suffering from unawareness fully reverses the syndrome of hypoglycemia unawareness and impaired release of adrenaline in short-term diabetes (34) and improves responses in long-term diabetes (36).
BENEFITS OF INSULIN ANALOGS VERSUS HUMAN NONMODIFIED INSULIN
Rapid-acting insulin analogs Lispro, aspart, and glulisine are different rapid-acting insulin analogs (66, 67) that share similar pharmacokinetic and pharmacodynamic properties compared with human regular insulin (Fig. 2) . Upon subcutaneous injection, these rapid-acting analogs reach the status of monomeric insulin earlier than human regular insulin and are therefore absorbed faster. The earlier and greater plasma insulin peak achieved with the analogs controls postprandial plasma glucose better than human regular insulin.
The advantages of the rapid-acting analogs can be summarized as follows. First, it is almost possible to mimic nature in terms of peak prandial insulin; therefore, it is possible to reduce postprandial hyperglycemia versus human regular insulin. Second, because of the early waning, insulin analogs reduce the risk of postprandial hypoglycemia versus human regular insulin. Third, and perhaps the most important, insulin analogs improve quality of life, since subjects with type 1 diabetes can now "inject and eat." This is a great advantage when compared with earlier treatment, when subjects had to wait 15, 30, or 45 min between injection and meal ingestion.
At present, the rapid-acting analogs are the gold standard of mealtime insulin replacement in type 1 diabetes. They should substitute human regular insulin in all diabetic subjects, provided they are combined with optimal replacement of basal insulin (see below). Under these conditions, rapid-acting analogs lower A1C and reduce the risk of hypoglycemia (3). The former goal reduces risk for longterm complications (1) , and the latter improves awareness of hypoglycemia (2).
Long-acting insulin analogs
In 1946, the Hagedorn's invented NPH insulin reached the market. Ever since then, NPH has been the bestseller of the "basal" insulin market. When NPH is analyzed with the glucose clamp technique (68) (Fig. 3) , it does not mimic the flat peakless basal insulin of physiology (Fig.  1) . NPH has a peak 5-6 h after injection and wanes a few hours later (Fig. 3) . Thus, when injected in the evening, the peak action of NPH increases the risk of hypoglycemia right after midnight. On the other hand, the relatively short duration of action of NPH makes it very difficult to achieve near-normoglycemia in the fasting state without increasing risk for nocturnal hypoglycemia. Finally, since NPH is an insoluble preparation that needs to be resuspended before subcutaneous injection, NPH has an absorption that is quite variable, resulting in different fasting blood glucose from day to day. These are the reasons why NPH should no longer be used in type 1 diabetes. Conversely, the long-acting insulin analogs (glargine, detemir) or the technique of continuous subcutaneous insulin infusion (CSII) generate an optimal basal pharmacokinetic/pharmacodynamic profile and, for that reason, should be used to replace basal insulin in type 1 diabetes.
Glargine is a soluble long-acting insulin analog, peakless compared with NPH, with duration of action of 24 h and more (69) . Since it is soluble, it is by definition more reproducible than NPH (70) . The more physiological pharmacokinetics/ pharmacodynamics of insulin glargine versus NPH translate into the clinical advantage of lower risk for nocturnal hypoglycemia with similar or lower A1C (3). Glargine should be given as a once-daily evening injection (either before or after dinner). The elevation in predinner blood glucose is not explained by duration of action of glargine Ͻ24 h, since glargine generally has duration of action Ͼ24 h (Fig. 3) (71) . This is likely caused by delayed absorption of the lunch meal beyond end of action of rapid-acting insulin. Therefore, administration of twice-daily glargine is not justified, and may cause hypoglycemia from overlapping doses, although it has been adopted in a small group of type 1 patients (72). Rather, a dual bolus of rapid-acting insulin analog given at lunch (before and 3 h after) should optimize late-afternoon blood glucose.
Detemir also is a soluble long-acting insulin analog more reproducible than NPH (70) . When compared with glargine, detemir is similarly peakless, but exhibits a shorter duration of action (Fig.  3) (71) . Thus, in the majority of subjects with type 1 diabetes, detemir should be given every 12 h. A peculiar characteristic of detemir, not shared by NPH or by glargine, is that its long-term use is associated with less weight gain (0.5-1.5 kg) compared with the other basal insulin.
REGIMENS OF MULTIPLE DAILY INJECTIONS AND
CSII -In the NPH era, CSII has been shown to be superior to multiple daily injections (MDI) because the basal insulin delivered by CSII is soluble, whereas that of MDI was NPH (insoluble and therefore more variable) (70) . In the era of soluble long-acting analogs, MDI is no longer inferior to CSII in terms of A1C and frequency of hypoglycemia (73) (74) (75) (76) . CSII has the theoretical advantage of lower variability compared with MDI, but so far this has been difficult to prove. Thus, the choice between MDI and CSII is based on preference by the individual type 1 diabetic subject rather than a real indication.
CONCLUSIONS -When combined with appropriate education and motivation of the subjects with type 1 diabetes, insulin regimens based on insulin analogs (either MDI or CSII) successfully reach the glycemic targets of the Diabetes Control and Complications Trial, thus protecting against the risk of onset of longterm complications, and at the same time they minimize the frequency of hypoglycemia, prevent hypoglycemia unawareness, and improve quality of life. 
